In this study, we investigated the structural and optical properties of Ge-doped SbTe ͑Ge-ST͒ thin films with three differing compositions: Ge 0.06 Sb 0.77 Te 0.17 ͑Ge-ST H ͒, Ge 0.05 Sb 0.70 Te 0.25 ͑Ge-ST M ͒, and Ge 0.05 Sb 0.64 Te 0.31 ͑Ge-ST L ͒, grown on Si substrate by radio-frequency sputtering method. The films were annealed at 250°C for crystallization and their crystal structures were examined by X-ray diffraction. Compared to the X-ray diffraction spectra of the undoped SbTe, the Ge-ST thin films had a hexagonal structure with large stacking periods. Using Raman spectroscopy, we investigated the shift of the phonon mode frequencies ͑A 1g and E g ͒ of the films with varying Sb:Te ratios. We compared the dependence of the phonon frequencies of Ge-ST on the Sb content to those of the corresponding undoped SbTe. The composition dependence of the A 1g phonon frequency could be explained in terms of the linear extrapolation of Sb and Sb 2 Te 3 crystals. By using spectroscopic ellipsometry, we measured the dielectric function of the thin films in the near-IR, visible, and ultraviolet spectral regions. The optical energy gaps and bandgaps of the amorphous and crystalline phases, respectively, were determined using linear extrapolation of the absorption coefficient. The optical gap energies of the amorphous Ge-ST films were determined to be about 0.5-0.6 eV, whereas the indirect bandgap energies of the crystalline films shrank substantially to about 0.15-0. Phase-change random access memory ͑PRAM͒, which utilizes fast and reversible phase changes between high resistivity amorphous and low resistivity crystalline phases of chalcogenides, has been commercialized and first-generation PRAM products are based on the use of Ge 2 Sb 2 Te 5 as the memory material. Other material systems including GeTe, 1 SnSe, 2 Ge 2 Se 3 /SnTe bilayer, 3 and Ge ͑or Ag/In͒-doped SbTe 4 have been investigated in search of memory materials that can provide a higher set speed and a lower set resistance but with a reduced reset current as compared to Ge 2 Sb 2 Te 5 . Among these material systems, Ge-doped SbTe ͑Ge-ST͒ has been identified as a good candidate for PRAM.
Phase-change random access memory ͑PRAM͒, which utilizes fast and reversible phase changes between high resistivity amorphous and low resistivity crystalline phases of chalcogenides, has been commercialized and first-generation PRAM products are based on the use of Ge 2 Sb 2 Te 5 as the memory material. Other material systems including GeTe, 1 SnSe, 2 Ge 2 Se 3 /SnTe bilayer, 3 and Ge ͑or Ag/In͒-doped SbTe 4 have been investigated in search of memory materials that can provide a higher set speed and a lower set resistance but with a reduced reset current as compared to Ge 2 Sb 2 Te 5 . Among these material systems, Ge-doped SbTe ͑Ge-ST͒ has been identified as a good candidate for PRAM. [4] [5] [6] [7] Ge-ST thin films have been utilized successfully in high speed phase-change optical recording applications. 8, 9 Ge-ST belongs to the ␦-phase field in the Sb-Te binary phase diagram near the eutectic composition of Sb 0.7 Te 0.3 . The characteristics of Ge-ST based on memory devices have been recently investigated. [4] [5] [6] For example, Jeong et al. investigated the set characteristics of PRAM cells with Ge-ST materials with two different Sb:Te ratios ͑4.53 and 2.08͒. For the material with a higher Sb:Te ratio ͑4.53͒, a set operation was completed within several tens of nanoseconds via nucleation-free crystallization, whereas the material with a lower Sb:Te ratio ͑2.08͒ rendered a slower set operation requiring several hundred nanoseconds for the nucleation-mediated crystallization. 5 Wu et al. compared Ge-ST with Ge 2 Sb 2 Te 5 for its potential use in phase-change memory with improved stability at various ambient temperatures, and found that the device characteristics such as the reset current, reset resistance, and set resistance of the Ge-ST devices varied significantly less with ambient temperature than the Ge 2 Sb 2 Te 5 devices. 6 Despite much interest in Ge-ST thin films for memory applications, their physical properties have not been investigated in detail. In particular, elementary information such as the dielectric functions and bandgap energies of Ge-ST thin films has rarely been reported. Recently, Prokhorov et al. studied the effect of Ge addition on the optical and electrical properties of Sb 0.7 Te 0.3 films by using optical transmission, reflectance, ellipsometry, and resistance measurements. 7 In this work, we examined the structural and optical properties of Ge-ST thin films with three different Sb:Te ratios. We examined the phase states of the as-deposited and annealed films by X-ray diffraction, investigated the phonon modes by using Raman spectroscopy, and measured the dielectric functions from the near-IR to ultraviolet spectral ranges by using spectroscopic ellipsometry. From the estimated dielectric function, we determined the indirect bandgap ͑op-tical transition͒ energies of the crystalline ͑amorphous͒ films. We found that the transition energy decreased substantially from 0.5-0.6 to 0.15-0.2 eV after crystallization.
Experimental
We grew Ge-ST thin films on Si substrates by using a radiofrequency sputtering method. We used Ge-ST targets with three different Sb:Te ratios belonging to the ␦-phase field of the Sb-Te binary phase diagram. 10 The nominal thickness of the Ge-ST films was 100 nm. ͑Ge-ST L ͒ as measured by X-ray fluorescence spectrometry. The films were annealed at 250°C in an Ar gas environment for 30 min. The crystallinity of the annealed thin films was examined by obtaining -2 scans in a BEDE D8 Discover X-ray diffractometer. The Raman measurements were performed at room temperature by using a Raman setup equipped with a single-grating 500 M spectrometer and a charge-coupled device detector. An Ar + laser with a wavelength of 514.5 nm was used for excitation at a power of 0.1 mW/m 2 . The laser power was set at the lowest possible value to prevent laser-induced annealing.
We measured the ellipsometric angles ͑⌿,⌬͒ of the Ge-ST thin films by using spectroscopic ellipsometry ͑VASE model, J.A. Woollam Inc.͒ at room temperature at incidence angles of 65, 70, and 75°. In order to improve the accuracy of the dielectric function, we employed an autoretarder.
Results and Discussion
X-ray diffraction measurement.- Figure 1 shows the X-ray diffraction curves of the Ge-ST compounds: ͑a͒ Ge-ST H , ͑b͒ Ge-ST M , and ͑c͒ Ge-ST L , plotted as a function of the inverse of the interplane distance d, which is equivalent to the scattering q-vector divided by 2. The interplane distance d is related to the angle of diffraction by the Bragg equation 2d sin = n. Our peak analysis showed that all measured crystalline thin films have hexagonal structures. Specifically, the peak positions of the crystalline Ge-ST films agree well with those of the long-period-stacking structures for undoped binary Sb-Te materials with a ␦-phase. The number of Sb layers increases with increasing Sb content, leading to an increase in the unit cell size along the c-direction. [11] [12] [13] The symbols A, B, and P are attached to the diffraction peaks in Fig. 1 . Based on the X-ray and transmission electron diffraction study of Ref. 11, P is a diffraction peak corresponding to the spacing of a fundamental lattice plane perpendicular to the c-axis, and A and B are diffraction peaks reflecting the long period structure along the c-axis. Denoting the origin d −1 = 0 as O in Fig. 1 , M ͑ = OP/AB͒ corresponds to a stacking period of the superlattice because AB and OP correspond to the length of superlattice unit cell and the mean spacing of one atomic layer in the hexagonal structure, respectively. The stacking periods of Ge-ST L , Ge-ST M , and Ge-ST H were 11.3 Ϯ 0.2, 14.5 Ϯ 0.2, and 21.0 Ϯ 0.5, respectively. For comparison, the equivalent Sb-Te binary compounds were estimated to have respective stacking periods of 9.8, 12.1, and 17.7 for the same Te contents, according to Kifune et al. 11 Despite the similar trend of change as a function of the Sb to Te content, the stacking periods of the Ge-ST films are not identical to those of the equivalent undoped Sb-Te but are larger by 1.5, 2.4, and 3.3 layers, respectively. These differences may be accounted for by errors of several atom percent in the measured compositions of Ge-ST films, which appears to be an unreasonable explanation. Therefore, we consider that the increased stacking periods of the Ge-ST materials may be due to the effects of the Ge addition. This is because bonding configurations, particularly in the Sb 2 Te 3 layers of the long-period structures, would be perturbed by the added Ge atoms that would obviously prefer different coordinations with Te atoms. It is also noted that the large stacking layers in the unit cells of Ge-ST in this work are in contrast to the work reported by Matsunaga and Yamada.
14 They reported that laser-crystallized Ge-ST and ͑Ag, In͒-doped SbTe materials have the A7 crystal structure of Sb crystals at room temperature without the long-period modulation, although undoped SbTe has a superlattice structure with a large number of stacking periods. 11, 14 These differing results of the two different studies may be ascribed to the slight difference of Ge content ͑by about 1.5 atom%͒ and possibly the differences in the thin-film growth conditions as well.
Raman spectra.- Figure 2 shows the Raman spectra of the ͑a͒ amorphous and ͑b͒ crystalline phases of Ge-ST: Ge-ST H , Ge-ST M , and Ge-ST L . The Raman spectra for all of the measured amorphous Ge-ST films ͑Fig. 2a͒ look almost the same regardless of the Sb:Te ratio with a single broad peak centered at around 152 cm −1 with a full width at half-maximum ͑fwhm͒ of 50 cm −1 . The phonon peak was fitted by using a Gaussian line shape. The phonon peak frequency did not change within the error bar of 0.6 cm −1 . The broad Raman peak of the amorphous Ge-ST films can be ascribed mainly to the Sb components. [15] [16] [17] As shown in Fig. 2b , two Raman modes of the crystalline Ge-ST films appear at around 125 and 160 cm −1 , identified as E g and A 1g modes, respectively. 17, 18 Rossow et al. showed that the Raman characteristic of amorphous Sb films, i.e., a broad spectrum between 120 and 170 cm −1 , changed to E g and A 1g phonon lines of crystalline Sb due to the amorphous-topolycrystalline phase transition, settling in at the certain thickness of the Sb film layer. 17, 19 Fig.  2c . 17, 18 Figures 2c and 2d show the frequencies and amplitudes of the E g and A 1g modes as a function of Sb:Te composition ratio, respectively. The frequencies of both the E g and A 1g modes decreased with the increase of the Sb composition, while the amplitudes of the two peaks increased. The decrease of the A 1g frequencies with increasing Sb composition is consistent with the linear interpolation of the phonon frequencies of Sb and Sb 2 Te 3 . For the A 1g mode, the decrease of the frequencies and the increase of the amplitudes are linearly proportional to the Sb/Te composition ratio or to the stacking period ͑M = 2n + 3 for Sb 2n Te 3 ͒ of the crystal structures of the corresponding binary Sb-Te materials.
11 Experimentally the magnitudes of the frequency shifts of the E g and A 1g modes are very similar to each other.
In Fig. 2c , the Ge doping affects the E g frequencies significantly because the phonon frequencies are larger by about 15 cm −1 than the interpolated frequencies of Sb and Sb 2 Te 3 . We consider that this is because Ge atoms are much lighter than Sb and Te atoms. The E g mode frequencies of bulk Sb and Sb 2 Te 3 , the end point materials, are roughly the same as each other. 5 However, we note that the measured frequencies of the E g modes decreased with increasing Sb content. According to Ref. 5, the grain size increases substantially as the Sb composition increases. The grain size distributions of the Ge-ST alloys were obtained from the transmission electron microscopy data where the grain sizes of Ge-ST L , Ge-ST M , and Ge-ST H increased dramatically with increasing Sb composition with average grain sizes of about 100 nm, 500 nm, and 5 m, respectively. 5 Considering the dramatic increase of the grain size in the Ge-ST films with the increase of the Sb content, the increase of the amplitudes of E g and A 1g of the Ge-ST films may be due to the grain size effect. With increasing grain size, the crystallinity should increase and the amplitude of the crystalline phonon should increase.
Spectroscopic ellipsometry.-We estimated the dielectric functions and the thicknesses of the Ge-ST thin films by using multilayer model analysis and parametric optical constant ͑POC͒ model. We used a four-phase model that took into account surface roughness, the Ge-ST layer, SiO 2 layer ͑2 nm͒, and Si substrate. We employed the POC model developed by Johs et al., 21 which can provide a Kramers-Kronig-consistent model dielectric function, and has been successfully applied to the dielectric functions of polymers as well as crystalline and amorphous semiconductors. 21, 22 To model the surface roughness layer, we used the Bruggeman effective medium approximation with a mixture of the main layer ͑50%͒ and void ͑50%͒. 23 The dielectric function of the main layer was fitted using the POC model, in which the dielectric function is written as the sum- mation of "m" energy-bounded, Gaussian-broadened polynomials and P poles accounting for the index effects due to absorption outside the model region. 21 The POC model equation is KramersKronig-consistent, and is given by
where ⌽͑E,EЈ,͒ = ͵ 
and
Here, u͑x͒ is the unit step function, and E j , j , and A j are the energy threshold, broadening, and amplitude, respectively, for the jth optical gap structure. We used a modified POC model in WVASE32 software ͑provided by J. A. Woollam Inc.͒, which includes another fitting parameter E width , which is used to connect two neighboring energy gaps. Figure 3 shows the raw and the best-match ellipsometry angles ͑⌿, ⌬͒ for ͑a͒ Ge-ST H , ͑b͒ Ge-ST M , and ͑c͒ Ge-ST L . The discrete symbols designate the raw data and the lines denote the best-match curves. Table I shows the estimated thicknesses of the thin films including the surface roughness and the main layer of Ge-ST. The error bars of the thicknesses are about 1 nm. For each film, the total 
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Journal of The Electrochemical Society, 158 ͑3͒ H249-H254 ͑2011͒ H252 layer thickness decreased by about 7% due to the amorphous-tocrystalline phase transition. The surface roughness of the Ge-ST L layer is about 4 nm and it changed very slightly after crystallization. However, for Ge-ST M and Ge-ST H , the surface roughness layer thickness increased by factors of 2 and 3, respectively, after annealing. Therefore, it is apparent that the crystalline thin films tend to have larger surface roughness values as the Sb content increases. This is consistent with our previous finding that the crystalline grain size increases remarkably from Ge-ST L to Ge-ST M , and to Ge-ST H , as well as with our Raman results. 5 The finding was explained to be due to the rapidly increasing growth speed of crystallites with increasing Sb/Te ratio as well as the relatively faster nucleation kinetics for Ge-ST L .
5 Figure 4 shows the dielectric function spectra of the Ge-ST alloys. The dielectric functions of the amorphous Ge-ST thin films do not change significantly with increasing Sb composition. The amplitude of the dielectric functions increased substantially by a factor of 3 or 4 after crystallization. In particular, the dielectric function of the crystalline Ge-ST H is the largest. The dominance of the dielectric function of Ge-ST H may be partially related to its large grain size. The 2 spectrum of the annealed Ge-ST H film in Fig. 4b shows that there is an optical structure below 1 eV. The large optical contrast between the amorphous and crystalline phases for Ge 2 Sb 2 Te 5 has been interpreted to be due to the resonance bonding model. 24 The same model may be applied for the Ge-doped SbTe thin films. The optical properties and electronic structural properties of ͑GeTe, Sb 2 Te 3 ͒ pseudobinary thin films, e.g., GeTe, Ge 2 Sb 2 Te 5 , Ge 1 Sb 2 Te 4 , Ge 1 Sb 4 Te 7 , and Sb 2 Te 3 , with increasing Sb/Ge atomic ratio were reported for amorphous and stable phases by Park et al. 25, 26 According to Shportko et al., 24 the dielectric functions of ͑GeTe, Sb 2 Te 3 ͒ pseudobinaries in the IR and visible energy ranges reveal that the optical dielectric constant ͑ ϱ ͒ is 70-200% larger for the crystalline phase than the amorphous phases. This difference is attributed to a significant change in bonding between the two phases involving the covalent bonding of the amorphous phase and the resonant bonding of the crystalline phase. The large optical contrast between the amorphous and crystalline phases is used for applications in high speed optical recording. Figure 5 shows the plot of ͑␣E͒ 1/2 = A͑E − E opt͑ind͒ ͒ for the Ge-ST thin films used to determine the optical gap energy E opt ͑indirect bandgap energy E ind ͒ by using a linear extrapolation method where ␣͑ = 4k/͒ is the absorption coefficient and E is the photon energy. 27 The complex refractive index ͑N = n + ik͒ is the square root of the dielectric function ͑ = 1 + i 2 ͒. For example, in Fig. 5a the linearly extrapolated lines for amorphous and crystalline Ge-ST H thin films cross the energy axis at 0.50 and 0.21 eV, respectively. We note that the error bar of the indirect gap energy for the Ge-ST alloys is large due to the narrow linear region of ͑␣E͒ 1/2 . The optical ͑band͒gap energy is given by ͑␣E͒ n = C͑E − E g ͒, where n = 1/2 for the optical ͑band͒gap of amorphous ͑indirect gap and crystalline͒ semiconductors and n = 2 for direct gap semiconductors with a crystalline phase. For n = 2, we did not observe a linear region below 2 eV for the crystallized Ge-ST, whereas n = 1/2 provided optical ͑band͒gap energies below or near 0.5 eV. 27 The films were annealed at 250°C and were found to have a hexagonal structure. From the X-ray diffraction spectra, we found that Ge-ST thin films had a superlattice structure with large stacking periods. The stacking periods ͑M͒ of Ge-ST were comparable to those of undoped SbTe with the same Te contents. We examined the Raman spectroscopic characteristics of the Ge-ST films and observed that the crystalline films display the phonon modes of E g and A 1g , where the wave numbers and amplitudes changed with increasing Sb content. The Sb composition dependence of the phonon frequencies of the Ge-ST films were explained in terms of the linear extrapolation between Sb and Sb 2 Te 3 crystals. By using the POC model and multilayer model analysis, we estimated the dielectric functions of the Ge-ST thin films. We determined the optical energy gaps and the indirect bandgaps for amorphous and crystalline phases, respectively, by linear extrapolation of the absorption coefficient. The optical gap energies of the amorphous phases of Ge-ST were estimated to be 0.5-0.6 eV, whereas the indirect bandgap energies of the crystalline phases were much smaller at 0.15-0.2 eV. These values are smaller than those of Ge 2 Sb 2 Te 5 by 0.2-0.3 and 0.4 eV for the amorphous and crystalline phases, respectively, due to the increase of the Sb content. This work verified the electronic and vibrational properties as well as the structural properties of the Ge-ST thin films. 
